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E l e c t r o n  Microscopic  and Biochemical  Studies of 

2 4  
Pyruva te  Dehydrogenase Complex of E s c h e r i c h i a  c o l i  

A b s t r a c t :  E x a n i n a t i o n  of the  E s c h e r i c h i a  c o l i  p y r u v a t e  
dehydrogenase complex and i t s  component enzymes i n  t he  e l e c t r o n  
microscope  i n d i c a t e s  t ha t  t h e  complex has a p o l y h e d r a l  s t ructure  
w i t h  a diameter of  about  300 t o  350 a and a height of 200 t o  
250 8.  
o f  about  64 s u b u n i t s ,  o c c u p i e s  t he  c e n t r a l  p o r t i o n  of t h e  
polyhedron  and  has t h e  appearance o f  a te t rad of 130 t o  150 8. 
Surrounding  t h i s  t e t r a d  are  about 16 molecu le s  o f  p y r u v a t e  
deca rboxy lase  and about  8 molecules  o f  d i h y d r o l i p o i c  
dehydrogenase a r r anged  i n t o  two r i n g s  l a i d  one above the  o t h e r .  
The sequence of these l a t t e r  molecules  cannot  y e t  b e  s p e c i f i e d .  
However, many of these molecules  are similar i n  appearance  and 
dimensions (70  t o  90 A) t o  t h o s e  observed i n  e l e c t r o n  micro- 
g r a p h s  of t h e  i s o l a t e d  p y r u v a t e  deca rboxy lase  component of t h e  
complex. The r e c o n s t i t u t e d  complex c l o s e l y  resembles the  

The l i p o i c  r e d u c t a s e - t r a n s a c e t y l a s e  aggregate, c o n s i s t i n g  

0 

n a t i v e  complex i n  appearance .  
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Electron Microscopic and Biochemical Studies of 
Pyruvate Dehydrogenase Complex of Escherichia coli 

The Escherichia coli pyruvate dehydrogenase complex (PDC) 
is a highly organized multienzyme system, with a molecular 
weight of approximately 4.8 million, that catalyzes a multistep 
oxidative decarboxylation of pyruvate (1,2), consisting of a 
decarboxylation, reductive acetylation (acetyl generation), 
acetyl transfer, and electron transfer. Because of the wealth 
of available biochemical data on this multienxyme complex, a 
unique opportunity is provided to correlate functional properties, 
as revealed by biochemical analysis, with ultrastructure,-as 
revealed by electron microscopy. The picture of the structural 
organization of PDC which emerged from biochemical studies is 
that of an organized mosaic of enzymes in which each of t h e  
component enzymes is uniquely located to permit efficient 
implementation of the consecutive reaction sequence. This 
picture has been confirmed and extended by correlative electron 
microscope studies which are reported in the present communication. 

PDC is composed of three enzymes: (i) pyruvate decarboxylase, 
I 

I (ii) lipoic reductase-transacetylase (LRT), and (iii) a flavo- 

a subunit with a molecular weight of about 27,000 ( 2 , 3 ) .  The 
composition of PDC is shown in Table 1. 

protein, dihydrolipoic dehydrogenase. LRT is an aggregate of I 

Table 1 
Composition of Pyruvate Dehydrogenase Complex 

Molecular Number of Molecules Per 
Component Weight Molecule of Complex 

Dihydrolipoic dehydrogenase 112,000 8 
Pyruvate decarboxylase 183,000 16 

Lipoic reductase-transacetlyase 27,000 
subunit 

64 

I The methods employed in resolving PDC into its component 
enzymes and in reconstituting PDC from t h e  i s ~ l a t c d  e n z a ~ ~ e s  
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E l e c t r o n  Microscopic  and Biochemical  S t u d i e s  o f  
Py ruva te  Dehydrogenase Complex o f  E s c h e r i c h i a  c o l i  

have been d e s c r i b e d  ( 2 ) .  B r i e f l y ,  s e l e c t i v e  d i s s o c i a t i o n  of 
t h e  f l a v o p r o t e i n  from t h e  pyruvate  dehydrogenase complex 

p r e s e n c e  o f  4Burea on ca lc ium phosphate  ge l  suspended on 
c e l l u l o s e .  
and a complex o f  deca rboxy lase  and LRT ( s20 , w  about  50 S j .  

l a t t e r  complex i s  s e p a r a t e d  i n t o  t h e  deca rboxy lase  ( s20,w=9 - 2  s) 
and W T  (S20,W about  27 S)  by f r a c t i o n a t i o n  on g e l - c e l l u l o s e  
at pH 9.5. PDC i s  r e c o n s t i t u t e d  by mixing t h e  i s o l a t e d  
d e c a r b o x y l a s e ,  LRT aggregate, and f l a v o p r o t e i n  i n  O.O5M_ 

po tas s ium phosphate  b u f f e r  (pH 7.0)  i n  a r a t i o  o f  3:2:l by 

weight, r e s p e c t i v e l y .  Examination o f  t h i s  mixture i n  a Spinco 
model E u l t r a c e n t r i f u g e  reveals t h e  v i r t u a l  absence  o f  peaks 
co r re spond ing  t o  t h e  i n d i v i d u a l  components. I n s t e a d ,  a ma jo r ,  
f as te r  moving peak ( ~ ~ ~ , ~ = 5 2 . 4  S)  i s  observed  w i t h  which t h e  
ye l low c o l o r  of the  f l a v o p r o t e i n  i s  a s s o c i a t e d .  T h i s  major  
component i s  i s o l a t e d  as a yellow p e l l e t  by c e n t r i f u g a t i o n  for 
2-1/2 h o u r s  at  173,000 X 8. 
a c t i v i t i e s  o f  t h e  ye l low p e l l e t  are ve ry  s i m i l a r  t o  t h o s e  of  
n a t i v e  PDC ( 2 ) .  

about  60 S) i s  accomplished by f r a c t i o n a t i o n  i n  t he  

T h i s  p rocedure  y i e l d s  f ree  f l a v o p r o t e i n  ( s20 w=6 .3 S) 

(s20,w 

The 

The composi t ion  and enzymatic  

E l e c t r o n  microscopy: Negat ive st  aining-embedding of 
specimens was achieved  by t h e  mic rodrop le t  c r o s s - s p r a y i n g  
t e c h n i q u e  ( 4 ) .  
p rov ided  w i t h  s u i t a b l y  a r r anged  s e p a r a t e  c a p i l l a r i e s  for 
specimens and reagents,  i t  i s  p o s s i b l e  t o  o b t a i n  c o n t r o l l e d  
b r i e f  i n t e r a c t i o n  o f  m i c r o d r o p l e t s  of t h e  specimen w i t h  mic ro -  
d r o p l e t s  of 1 t o  2 p e r c e n t  po tass ium phospho tungs ta t e  a t  pH 7 . 2  
to 7 .4 .  
c o l l i d e  and i n t e r a c t  v e r y  r a p i d l y  s h o r t l y  b e f o r e  impinging  on 
the  specimen g r i d .  A s  a r e s u l t  of  t h e  s m a l l  s i z e  and r e l a t i v e l y  
high speed of the  c ross - sp rayed  m i c r o d r o p l e t s ,  there  i s  a 
f a v o r a b l e  concurrence  o f  r a p i d  specimen c o o l i n g  and limitec! 

Bnploying a s p e c i a l  m u l t i p l e - s p r a y i n g  d e v i c e  

The c ross - sp rayed  m i c r o d r o p l e t s  ( e a .  0 .1  t o  1 0 ~  diameter) 
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d r y i n g  t o  a t t a i n  a unique  degree o f  p r e s e r v a t i o n  o f  l ab i l e  

structures (4 ,5 )  . 
a c e t a t e  was a l s o  accomplished b y  t h i s  t e c h n i q u e .  All r e a g e n t s  
were u l t r a f i l t e r e d  u s i n g  100 1 M i l l i p o r e  f i l t e r s .  
were carried out  at  0-5 . Specimens were examined i n  t h e  n a t i v e  
s ta te  s h o r t l y  a f te r  p r e p a r a t i o n ,  o r  a f t e r  f r e e z i n g  and thawing  
unde r  c o n t r o l l e d  c o n d i t i o n s  without  undergoing  s i g n i f i c a n t  l o s s  
i n  a c t i v i t y .  F i n a l  c o n c e n t r a t i o n  o f  t h e  specimens was generally 
of 0.5 m g / m l .  p r o t e i n  i n  0.02-0.05E po tas s ium phosphate  buffer .  

Other buffers ,  e . g .  ammonium a c e t a t e  were used, w i th  similar 
r e s u l t s .  E x t e n s i v e  c o n t r o l  exper iments  were c a r r i e d  o u t  wi th  

s t a n d a r d  p r e p a r a t i o n  t e c h n i q u e s .  The specimens were mounted 
on v e r y  t h i n  Formvar f i l m s ,  o r  suppor t ed  on s p e c i a l  f e n e s t r a t e d  
specimen substrates ( 4 ) .  A Siemens Elmiskop I was used wi th  
mul t ip le  o b j e c t i v e  aperatures and p o i n t e d  f i l a m e n t  o f  s i n g l e -  
c r y s t a l  t u n g s t e n  ( 4 , 6 )  p rov id ing  microbeam i l l u m i n a t i o n  o f  high 

cohe rence .  The micrographs  were r eco rded  a t  e l e c t r o n  o p t i c a l  
m a g n i f l c a t i o n s  o f  X 20,000 t o  X 80,000 on I l f o r d  high r e s o l u t i o n  
p l a t e s .  
diameter) p repa red  by d e n s i t y  g r a d i e n t  u l t r a c e n t r i f u g a t i o n  were 
i n c l u d e d  as a n  i n t e r n a l  c a l i b r a t i o n  r e f e r e n c e .  I r r a d i a t i o n  
damage and specimen contaminat ion were s u b s t a n t i a l l y  reduced 
w i t h  improved specimen c o o l i n g  d e v i c e s  a n d  l o w - i n t e n s i t y  e l e c t r o n  
o p t i c s  ( 4 , 5 ) .  

P o s i t i v e  s t a i n i n g  w i t h  1 o r  2 p e r c e n t  u r a n y l  

O p e r a t i o n s  
0 

F e r r i t i n  molecu le s  o f  un i form s i z e  (118 t o  120 8 

*. A typ ica l  f i e l d  o f  PDC p a r t i c l e s  n e g a t i v e l y  s t a i n e d  wi th  

phospho tungs ta t e  i s  shown i n  F i g .  1. 
appearance  o f  po lyhedrons  oP diameter abou t  300 t o  4Q0.8. 
are f o u r  we l l -de f ined  s u b u n i t s  i n  the  c e n t r a l  p o r t i o n  o f  each 
po lyhedron ,  a r r anged  as a tetrad w i t h  a s ide o f  130 t o  150 8 .  
Surrounding  t h i s  c e n t r a l  tetrad i s  an o r d e r l y  array o f  s u b u n i t s ,  
60 t o  90 8 i n  diameter. 

The PDC p a r t i c l e s  have t he  

There 

The  appearance  of  some o f  the p r o j e c t i o n s  
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o f  n e g a t i v e l y  and p o s i t i v e l y  s t a i n e d  p r e p a r a t i o n s  suggests a I 

double  layer  o f  these p e r i p h e r a l  s u b u n i t s .  The r e l a t i v e l y  large I 
v a r i a t i o n  i n  t h e  d i a m e t e r  o f  t h e  PDC p a r t i c l e s ,  i . e .  300 t o  400 8,  
as s e e n  i n  n e g a t i v e  c o n t r a s t  appea r s  t o  b e  due ma in ly  t o  s w e l l i n g  
o f  t h e  p a r t i c l e s  caused by phospho tungs ta t e .  U l t r a c e n t r i f u g e  
s t u d i e s  i n d i c a t e  t ha t  phospho tungs ta t e  i s  adsorbed  by the  PDC 
p a r t i c l e s ,  and t h a t  some separatfon o f  s u b u n i t s  o c c u r s .  The 
e l e c t r o n  micrographs  i n d i c a t e  a tendency  f o r  t he  p e r i p h e r a l  
s u b u n i t s  of PDC t o  d i s s o c i a t e  from t h e  complex i n  t h e  p r e s e n c e  
o f  p h o s p h o t u n g s t a t e .  Heavy s t a i n i n g  o f  t h e  PDC p a r t i c l e s  by 
u r a n y l  ace t a t e ,  i n d i c a t e d  by t h e  e l e c t r o n  mic rographs ,  also 
would r e s u l t  i n  larger  t h a n  a c t u a l  d imens ions .  I n  view o f  
these c o m p l i c a t i o n s ,  t h e  minimal dimensions obse rved ,  300 X 200 8, 
are b e l i e v e d  t o  r e p r e s e n t  a r e a s o n a b l e  estimate o f  the  actual 
dimensions of t he  PDC p a r t i c l e .  

I 

I 

I 

The p y r u v a t e  dehydrogenase complex r e c o n s t i t u t e d  from the  

i s o l a t e d  d e c a r b o x y l a s e ,  LRT a g g r e g a t e  and f l a v o p r o t e i n  i s  shown I 

i n  n e g a t i v e  c o n t r a s t  i n  F i g .  2B. The c e n t r a l  t e t r a d  o f  t h e  
complex s t a n d s  o u t  c l e a r l y ,  and t h e  p e r i p h e r a l  s u b u n i t s  are a l s o  
w e l l - d e f i n e d .  Comparison w i t h  F i g s .  1,2A r e v e a l s  t h e  v i r t u a l  I 
i d e n t i t y  o f  appearance  o f  t h e  r e c o n s t i t u t e d  and n a t i v e  complexes.  I 

T h i s  s u p p o r t s  the  b iochemica l  data  i n d i c a t i n g  t h a t  t h e  s e d i m e n t a t i o n  
character is t ics ,  composi t ion and enzymatic  a c t i v i t i e s  o f  t h e  
r e c o n s t i t u t e d  and n a t i v e  PDC are v e r y  s imilar ,  and p o i n t s  up 
t h e  un iqueness  o f  the  s t ruc tu ra l  o r g a n i z a t i o n  o f  PDC. 

I 

I 

I 

Figs .  2C,D show d i f f e r e n t  p r o j e c t i o n s  o f  t h e  p y r u v a t e  
dehydrogenase complex p o s i t i v e l y  s t a i n e d  w i t h  2 p e r c e n t  u r a n y l  
ace ta te .  The appearance  o f  t h e  c e n t r a l  LRT t e t r a d  i s  n o t  as 
d i s t i n c t  i n  these micrographs  as i n  t h e  n e g a t i v e l y  s t a i n e d  
p r e p a r a t i o n s .  However, t h e  i n d i v i d u a l  p e r i p h e r a l  s u b u n i t s  are 
more c l e a r l y  o u t l i n e d .  Many o f  the  l a t t e r  s u b u n i t s  have t h e  

appearance  o f  o v a l  r i n g s  w i t h  a d i a m e t e r  of  7 0  t o  90 8.  Fig. 2D 
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r e p r e s e n t s  a s i d e  view of t h e  py ruva te  dehydrogenase complex. 
A double  l a y e r  of p e r i p h e r a l  s u b u n i t s  i s  c l e a r l y  demonstrated 
i n  t h i s  micrograph.  The width of t h e  complex i n  t h i s  p r o j e c t i o n  
i s  200 t o  250 X .  

The appearance of t h e  i s o l a t e d  py ruva te  decarboxylase  
p o s i t i v e l y  s t a i n e d  w i t h  u rany l  a c e t a t e  i s  shown i n  F i g .  2E. 
T h i s  p r o j e c t i o n  of  t h e  molecule looks  l i k e  an o v a l  r i n g  o f  
d i ame te r  7 0  t o  90 8 wi th  a dark spo t  o f  d i ame te r  about 15 8 
i n  t h e  c e n t e r .  The former dimension i s  i n  r e a s o n a b l e  agreement 
w i t h  a s p h e r i c a l  d iameter  o f  75 8 c a l c u l a t e d  from t h e  molecu la r  
weight o f  py ruva te  decarboxylase .  The appearance and dimensions 
of py ruva te  decarboxylase  as seen i n - p o s i t i v e  c o n t r a s t  c l o s e l y  
resemble t h o s e  of some of t h e  r e p e a t i n g  s u b u n i t s  a long  t h e  
p e r i p h e r y  o f  PDC ( F i g s .  2C,D) . 

E l e c t r o n  micrographs o f  t h e  i s o l a t e d  LRT n e g a t i v e l y  s t a i n e d  
w i t h  phospho tungs ta t e  show a r r a y s  of  t e t r a d s  ( F i g  2F) .  These 
t e t r a d s  have t h e  same average  dimension (130 to 150 8) as and 
c l o s e l y  resemble t h e  c e n t r a l  t e t r a d  of t h e  n a t i v e  PDC ( F i g s .  1,2). 
The dense c o r e  of  t h e  t e t r a d s  may b e  p a r t l y  a t t r i b u t e d  t o  
p e n e t r a t i o n  o f  t h e  phosphotungs ta te .  

On t h e  b a s i s  o f  t h e  biochemical  and e l e c t r o n  microscopic  
d a t a ,  a t e n t a t i v e  model o f  t h e  pyruvate  dehydrogenase complex 
h a s  been c o n s t r u c t e d  ( F i g .  3 ) .  The component enzymes of  t h e  
complex a r e  r e p r e s e n t e d  as s p h e r e s ,  t h e  d i a m e t e r s  o f  which 
were c a l c u l a t e d  f rom the molecular  weights  of t h e  enzymes 
and  an assumed p a r t i a l  s p e c i f i c  volume o f  0 .73  m l  p e r  gm. 

These d i ame te r s  a r e  75 ,  40 
LRT s u b u n i t  and f l a v o p r o t e i n ,  r e s p e c t i v e l y .  The model c o n s i s t s  
of 16 molecules  o f  py ruva te  decarboxylase  ( l a r g e  s p h e r e s )  a d  
8 molecules  of f l a v o p r o t e i n  (medium-size s p h e r e s )  arrzfigec? 

and 64 8 f o r  the  deca rboxy lase ,  
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i n t o  two r i n g s  l a i d  one above t h e  o t h e r .  
sur round t h e  l i p o i c  r e d u c t a s e - t r a n s a c e t y l a s e  a g g r e g a t e  which 
comprises  64 s u b u n i t s  ( s m a l l  sphe res )  a r ranged  i n t o  f o u r  s t a c k s .  
W e  cannot as y e t  s p e c i f y  t h e  sequence of py ruva te  decarboxylase  
and  d i h y d r o l i p o i c  dehydrogenase molecules  i n  the  two r i n g s .  

These two r i n g s  

The volume of  PDC c a l c u l a t e d  f rom e l e c t r o n  microscope 
measurements ( m i n i m a l  dimensions 300 X 200 8 ) ,  assuming t h a t  
t h e  shape o f  t h e  p a r t i c l e  may b e  approximated as e i t h e r  a n  o b l a t e  
e l l i p s o i d  o r  a r i g h t  c i r c u l a r  c y l i n d e r ,  i s  about  9.5 X 10 cm . 
The anhydrous volume of PDC c a l c u l a t e d  f rom hydrodynamic data (1) 
i s  about  5.8 X lO-l8cm3. The approximate ly  64  p e r c e n t  d i f f e r e n c e  
between t h e  two volumes i s  a t t r i b u t e d  t o  t h e  open s t r u c t u r e  of  
PDC, i n d i c a t e d  by t h e  e l e c t r o n  micrographs and r e p r e s e n t e d  
s c h e m a t i c a l l y  by t h e  model. 
e x p l a i n s  t h e  h igh  f r i c t i o n a l  r a t i o  ( f / fo)  of PDC, which has been 
c a l c u l a t e d  t o  b e  1.6. 

-18 3 

This i n t e r p r e t a t i o n  adequa te ly  

C o r r e l a t e d  s t u d i e s  of t h i s  multienzyme complex may prove 
t o  b e  o f  p a r t i c u l a r  o p e r a t i o n a l  s i g n i f i c a n c e  i n  e l u c i d a t i n g  
t h e  f u n c t i o n a l  o r g a n i z a t i o n  of o t h e r  s p e c i f i c  macromolecular 
a s sembl i e s  i n  t he  l i v i n g  c e l l .  
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E l e c t r o n  Microscopic  and Biochemical S t u d i e s  o f  
Pyruvate  Dehydrogenase Complex of E s c h e r i c h i a  c o l i  

Tex t s  of I l l u s t r a t i o n s  I *  

F i g .  1: 
n e g a t i v e l y  s t a i n e d  w i t h  1 percent  phosphotungs ta te  (pH 7.4) 
u s i n g  mic rodrop le t  c ros s - sp ray ing  t echn ique  

Pyruvate  dehydrogenase complex of E s c h e r i c h i a  c o l i  
~ 

(X 520,000) .  
I 

I F i g .  2: E l e c t r o n  micrographs o f  E.  o o l i  py ruva te  dehydrogenase - -  
complex (PDC) : ( A )  Nat ive  PDC; (B) R e c o n s t i t u t e d  PDC wi th  
F e r r i t i n  n e g a t i v e l y  s t a i n e d  with phosphotungs ta te ;  ( C ) ( D )  Nat ive  
PDC p o s i t i v e l y  s t a i n e d  wi th  u rany l  a c e t a t e ;  (E)  I s o l a t e d  

I pyruva te  decarboxylase  s t a i n e d  w i t h  u r a n y l  a c e t a t e ;  (F) I s o l a t e d  
I LRT a g g r e g a t e  n e g a t i v e l y  s t a i n e d .  (X 700,000). 
I 

F i g .  3 :  
complex. 

T e n t a t i v e  model of E. c o l i  py ruva te  dehydrogenase 

I 
I 
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